Damage to bacterial membranes by heat has been confirmed by evidence of the leakage of intracellular substances such as UV-absorbing materials, proteins, and cations into a heating menstruum (9, 10, 25, 28, 31) , the loss of lipopolysaccharide (LPS) (8, 15) , sensitization to the antibiotics tylosin (35) and bacitracin (18) , and reduction in substratetransporting ability (6) . We also reported in a previous paper (14) that heat treatment at 55°C in Tris-hydrochloride buffer at pH 8.0 induced blebbing and vesiculation of the outer membrane of Escherichia coli, accompanied by the release of periplasmic enzymes.
The outer membrane of gram-negative bacteria, including E. coli, provides diffusion channels for low-molecularweight hydrophilic substances and forms a permeability barrier for hydrophobic compounds (3, 4, 17, (20) (21) (22) (23) . In particular, the outer surface of the outer membrane consists of proteins and a specific component, lipopolysaccharide (LPS), which contributes substantially to the exclusion of exterior hydrophobic compounds from cells (4, 17, 22, 23, 27, 33) . Our previous study (14) showing partial release of the outer membrane of E. coli by heat predicted that drastic changes in the above structure and functions of the outer membrane of heated cells should have occurred.
In addition, Tris buffer itself, which we used in a previous study (14) , is known to exert a harmful effect on the outer membrane (11, 37) , whereas HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer is physiologically inert (11) . Therefore, it is necessary, in clearly characterizing heat action on the E. coli outer membrane, for the physical effect of heat to be differentiated from the chemical effect of Tris, although the blebbing of the outer membrane by heat has also been observed with HEPES and some other buffers (14) .
In this study, we examined the hydrophobicity of the cell surface and the release of LPS and alkaline phosphatase from heated E. coli, using Tris buffer with or without 10 mM magnesium sulfate and HEPES buffer. The sensitivity to phospholipase C added externally and the permeability to crystal violet were also investigated.
MATERIALS AND METHODS
Organisms and culture conditions. Escherichia coli W3110 was used for most experiments. In the experiment for examining the release of alkaline phosphatase from cells, a spontaneous mutant, E. coli OW1, isolated from the parent W3110 by the method of Torriani and Rothman (34), was used. This strain had derepressed synthesis of alkaline phosphatase in a medium containing a high concentration of Pi. Cells were grown at 37°C in EM9 medium supplemented with 0.2% glucose (14) . Cells in the logarithmic phase of growth were harvested, washed twice with 50 mM Tris-hydrochloride buffer either alone (Tris) or with 10 mM magnesium sulfate added (Tris-Mg) or with HEPES buffer at pH 8.0 and then resuspended in fresh buffer.
Heat treatment. The cell suspension was preincubated at 0°C for 30 min (15) and then immediately heated to 55°C in a buffer with the same composition as that for washing cells, as previously described (14) .
Measurements of cell surface hydrophobicity and local hydrophobicity of cells. The surface hydrophobicity of unheated and heated cells was determined by the method of Rosenberg et al. (24) , with n-hexadecane as an adsorption solvent. n-Hexadecane (0.3 ml) was added to a test tube containing 1.8 ml of the cell suspension (ca. 2 x 108 cells per ml), and the tube was incubated at 37°C for 10 min, shaken on a vortex mixer for 2 min, and then left at room temperature for 15 min. After separation into two layers, the aqueous layer was taken out with a Pasteur pipette and its optical density at 400 nm was determined with a Hitachi spectrophotometer (model 100-10) with a half-path cuvette. The results were expressed as the percentage of optical density at 400 nm with reference to the cell suspension without n-hexadecane.
We attempted to determine which part of the cells seemingly became hydrophobic after heat treatment by counting n-hexadecane droplets adsorbed to cells. An emulsion containing droplets of n-hexadecane was prepared by sonication (2 A, 5 ml of deionized water, followed by removal of the floating oil layer after low-speed centrifugation at 600 x g for 5 min.
One drop of n-hexadecane emulsion was added to a test tube containing 1 ml of cell suspension (ca. 108 cells per ml), and the mixture was shaken gently by hand. The sample (1 drop) was then withdrawn and placed on a glass slide, covered with a glass cover slip, and viewed in positive phase-contrast under a Nikon Labophot microscope in a manner similar to that used for the observation of blebs previously described (14) . (19) . Determination of phospholipase C sensitivity. A portion (0.225 ml) of an overnight culture was inoculated into a 100-ml flask containing 15 ml of EM9 medium, the phosphate content of which was decreased to 1/10, 66 ,uCi of H332P04 was included, and the flask was incubated at 37°C. Cells in the logarithmic phase of growth were harvested and washed twice as described above and then resuspended in 1 ml of Tris or HEPES buffer. After heat treatment, the cells were pelleted by centrifugation at 3,000 x g for 5 min at 0°C and resuspended in 1 ml of 10 mM HEPES buffer (pH 7.4) at 0°C. To this suspension phospholipase C from Bacillus cereus was added to a final concentration of 20 ,ug/ml, and the mixture was then incubated at 28°C. As a control, another batch without phospholipase C was prepared and incubated in a similar manner. Samples (0.5 ml each) were removed at 0 and 30 min and, when necessary, at 5, 10, and 20 min and were then immediately transferred to Eppendorf centrifuge tubes containing 0.5 ml of 10% trichloroacetic acid kept at 0°C. After centrifugation, each pellet was extracted twice with 1 ml of a mixture of ethanol-ethyl ether (3:1, vol/vol). After centrifugation, the combined supernatant was evaporated to reduce its volume and absorbed to a piece of glass fiber filter (AP25, 1.5 by 5 cm; Millipore Corp., Bedford, Mass.). The filter was dried, and its radioactivity was measured with toluene-2,5-diphenyloxazole scintillator. Results were expressed as the percentage of the residual radioactivity in cells treated in a similar manner without phospholipase C, since part of phospholipids has been found to be released from cells during the heating period (14) .
Measurement of permeability to crystal violet. To a 5-ml portion of heated cell suspension (ca. 6 x 108 cells per ml), 0.06 ml of 1 M MgSO4. 7H20 and then 1 ml of 0.5 mM crystal violet dissolved in Tris buffer were added. After being shaken for 30 8.0 (Fig. 1) . About 30% of the total cells were adsorbed to the nhexadecane layer after 30 In a previous study (14) , we found that most outer membrane blebs occurred on the septal regions of heated cells of E. coli. We were therefore interested in which part of the cell surface became predominantly hydrophobic. We had observed by chance in a study on bleb formation (14) that some particulates, probably hydrophobic dust, which were occasionally present on glass slides and approximately the same size as a bleb, were attached to a heated cell. The positions of seemingly hydrophobic regions on heated cells were thus determined with n-hexadecane droplets prepared for this study instead of the particulates. Figure 2 is a phase-contrast micrograph of n-hexadecane droplets attached to cells heated at 55°C for 10 min, conditions causing the release of almost all visible blebs from the cell surface. The droplets could be easily distinguished from outer membrane blebs, since they appeared as dense particles in contrast with blebs. As expected, the location of attachment of droplets to cells was mostly in the septal or polar regions (Fig. 3) .
Release of LPS and alkaline phosphatase. Hitchener and Egan (8) have reported that heat induces the release of LPS from E. coli envelopes. We also confirmed this using Tris, Tris-Mg, and HEPES buffers at pH 8.0 (Fig. 4) . The time course of the release of LPS, as estimated by the amount of its characteristic component 3-deoxy-D-mannooctulosonic acid, showed two stages, an initial rapid loss and a subsequent gradual release, in accord with the observation of Hitchener and Egan (8) . In Tris buffer a small amount of LPS was released from cells incubated even at 37°C, indicating the toxic action of Tris. At 55°C, a combined effect of Tris with the action of heat itself, as evaluated by the result obtained with nontoxic HEPES buffer, was observed. However, the addition of magnesium ion counteracted the Tris action. The toxic action of Tris on intact cells and heated cells was dependent on its concentration, being clearer at concentrations above 100 to 200 mM (data not shown).
In addition, we reexamined the leakage of a periplasmic enzyme, alkaline phosphatase, from cells heated in different buffers with E. coli OWL. The release of alkaline phosphatase from cells heated at 55°C in Tris buffer was more marked than that in the other two buffers (Fig. 5) , also indicating an enhancing effect of Tris on the heat-induced leakage of the enzyme. At 37°C, only slight leakage was observed in 50 mM Tris buffer, although a substantial loss was detected at concentrations above 200 mM (data not shown).
Sensitivity to phospholipase C and permeability to a hydrophobic dye. We further examined the sensitivity of heated cells to the action of phospholipase C. Upon the addition of a commercial phospholipase C preparation derived from B. cereus and incubation for 30 min, the amount of the phospholipids in cells heated at 55°C for 10 min rapidly decreased to about 56% of the total amount, whereas the amount in intact cells decreased only slightly (Fig. 6 ). This the outer membrane has already been suggested from our previous results (14) indicating that the heat treatment of E. coli cells induces blebbing and vesiculation of their surfaces. 30 - The finding that the septal and polar regions on a heated cell appear to become the most frequently hydrophobic is in accord with our previous result concerning the location of 20 -/ heat-induced outer membrane blebs (14) . The is due to the presence of LPS in the outer leaflet of the outer fer.
membrane bilayer, as well as in the hydrophilic outer face of the outer membrane proteins. Therefore, the release of LPS from heated cells (Fig. 4) in a form complexed with protein sitivity to the enzyme increased with the duration of and lipid as vesicles (14) may be the direct cause of the heating. The degradation of phospholipids in cells heated for 30 min was about 65% of the total. Also in HEPES buffer and Tris-Mg buffer, 44 and 32%, respectively, of cellular phospholipids were degraded after heat treatment for 30 min. No cell lysis was observed during the treatment with phospholipase C.
We also investigated whether the function of the outer membrane as a permeability barrier was in fact damaged by heat. A hydrophobic dye, crystal violet, was found to penetrate into cells heated at 55°C in Tris buffer, even at 15 s, whereas almost none penetrated into intact cells, aside from immediate adsorption (Fig. 7) . The penetration of crystal violet was also obtained with Tris-Mg buffer and HEPES buffer, but to a lesser extent; optical density at 592 nm for cells heated for 10 min was 73 and 81%, respectively, of that for cells heated in Tris buffer for 10 min.
Leakage of alkaline phosphatase during post-heating incubation. Since Tris was found to enhance the damage of the outer membrane by heat, as indicated above, we further investigated the harmful effect of Tris on E. coli OW1 cells during incubation at 37°C after exposure to heat at 55°C for 15 s. Cells incubated at 37°C in Tris buffer after heat treatment released alkaline phosphatase amounting to 43% after 2 h, whereas only a slight amount was lost at 0°C (Fig.  8) . In contrast, incubating cells in Tris-Mg and HEPES buffers at 37°C caused the release of much less enzyme. An essentially similar result was obtained with cells heated at 55°C for 10 min, although the initial level of the release was slightly higher, owing to heating for 10 min. In addition, during post-heating incubation in HEPES buffer at 0°C, no release of the enzyme was detected in cells heated for either 15 s or 10 min. DISCUSSION
The cell surface of intact cells of normal wild-type strains of E. coli has been generally known to be hydrophilic (16, 24) . Rosenberg et al. (24) have indicated, however, that a LPS-deficient strain of E. coli has a slightly hydrophobic conversion of the cell surface to hydrophobicity. According to the model of Nikaido, some level of outer membrane proteins in LPS-deficient deep rough mutants of E. coli and Salmonella typhimurium is lost by a deficiency in the saccharide chain of LPS molecules, and instead, lipid molecules, which are virtually absent in the outer leaflet of the outer membrane of normal cells, appear on the outer leaflet of the bilayer (12, 23, 29) . This change may be responsible for the increase in hydrophobicity of the cell surface of these mutants, as shown by Rosenberg et al. (24) . A similar change in the structure of the outer membrane was suggested for EDTA-treated cells of gram-negative bacteria (23) . In this case, however, it has been presumed that lipid molecules appear on the outer surface, replacing LPS molecules, which are destabilized by the removal of interacting magnesium ions by the chelating action of EDTA and consequently released from the cell surface (23) .
Heat treatment of E. coli cells might also induce a similar disturbance of the outer membrane structure, as shown by the sensitization to phospholipase C added externally in this study, although the penetration of phospholipase C into the periplasmic space, followed by the degradation of lipids in the cytoplasmic membrane, cannot be ruled out. The degree of phospholipid hydrolysis in cells heated for 30 min in HEPES and Tris-Mg buffers were comparable to those (30 to 50%) in some mutants deficient in the cell envelope structure of E. coli (30) and S. typhimurium (12) . In Tris buffer, however, a large amount (66%) of the phospholipids was hydrolyzed 30 min after heat treatment, despite the absence of cell lysis. In this case, obviously, part of the phospholipids in the cytoplasmic membrane also would have become accessible to phospholipase C, owing to profound destruction of the outer membrane resulting from the enhancing action of Tris on heat-induced damage. That no leakage of alkaline phosphatase occurred during postheating incubation in HEPES and Tris-Mg buffers at 0°C might suggest the absence of massive cracks or pores in the outer membrane during incubation.
The partially hydrophobic nature of the surface of heated cells may be responsible for the entry of the hydrophobic dye crystal violet into the heated cells. The permeation of the dye has been reported in LPS-deficient strains of E. coli (7) . The penetrability of hydrophobic compounds such as crystal violet into heated cells may have brought about the heat-induced sensitization of E. coli cells to the hydrophobic antibiotics tylosin (35) and bacitracin (18) .
Kinetics of the release of LPS (Fig. 4) and lipid (14) and of permeation of crystal violet were found to be different from the kinetics of the increase in cell surface hydrophobicity (Fig. 1) , the leakage of alkaline phosphatase (Fig. 5) , and the sensitization to phospholipase C (Fig. 6) . This difference may result from the following situation: the components of the outer membrane, LPS and lipids, can be easily released in response to a sudden change of the membrane structure by a rapid temperature rise, and the hydrophobic dye can also diffuse rapidly into hydrophobic spaces, whereas exit of enzymes may occur gradually as a result of the blebbing and vesiculation of part of the outer membrane (14) . In addition, the cell surface hydrophobicity and the sensitivity to extracellular phospholipase C might increase gradually with the emergence of lipid-rich surface. Further, the activation by heat of some enzymes such as intracellular phospholipases might also be involved in the above time-dependent processes.
It is clear that the changes observed in this study were derived from the action of heat, since they occurred in HEPES buffer, which is inert to the outer membrane (11) . However, Tris enhanced heat-induced release of LPS, leakage of alkaline phosphatase, and permeation of crystal violet, although it had only weak action during incubation at 37°C. Since the harmful action of Tris on the outer membrane has been described previously (11, 37) , the increased accessibility of Tris to the outer membrane structure by heat may be responsible for the changes observed. In addition, APPL. ENVIRON. MICROBIOL.
on October 28, 2017 by guest http://aem.asm.org/ Downloaded from the magnesium ion has been known to contribute to the stability of the outer membrane of gram-negative bacteria by interacting with LPS (17, 26 36) . Since in Tris-Mg buffer release of LPS, leakage of alkaline phosphatase, and permeation of crystal violet were prevented to some extent probably owing to the stabilizing effect of magnesium ion as well as the counteraction of Tris action, the thermal stability of the outer membrane may be partly maintained by this cation.
It may be interesting to examine whether the heat-induced damage to the outer membrane can be repaired under appropriate conditions. Experiments on such repair might contribute to a further understanding of the role of outer membrane damage in the injury of cells of gram-negative bacteria by heat.
